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Recently, the field of solid-state lighting based on GaN semiconductors has seen remarkable breakthroughs in efficiency. 1 Basically, it is expected that white light-emitting diodes ͑LEDs͒ can offer advantages such as high brightness, reliability, low power consumption, and long lifetime, compared to conventional light bulbs or fluorescent lamps. [2] [3] [4] There are several ways to assemble the white LEDs. A conventional method is to combine a blue LED with a yellow-emitting phosphor, such as Y 3 Al 5 O 12 :Ce 3+ . This method is relatively easy to use, and the device has been commercialized. However, there are problems present in this type of white LED, for instance, blue-yellow color separation and an unsatisfactory colorrendering property due to deficient output light in the red region of the visible light spectrum. [5] [6] [7] [8] In order to overcome its drawbacks, the combination of near-ultraviolet ͑n-UV͒ LEDs peaking at 370-410 nm with a red, green, and blue phosphor blend has been studied. This type of white LED can offer superior color uniformity and a high color-rendering index ͑R a Ͼ 90͒. However, commercially available red-emitting phosphors, such as ͑Sr,Ca͒S:Eu 2+ and Y 2 O 2 S:Eu 3+ for n-UV LED, are still limited. Those sulfide phosphors are chemically unstable and inefficient. 9 For both of these reasons, there is an urgent need to produce a superior red-emitting phosphor that absorbs n-UV light and emits red light. 5, 6 In this study, we choose Eu 3+ ion as an activator because the five absorption lines of the f-f transition of the Eu 3+ ion could occur in the wavelength range of 350-500 nm in a suitable host. Among Eu 3+ -activated phosphors, ones that contain a high Eu 3+ concentration without concentration quenching are desirable for host materials under n-UV excitation in order to emit strong red light. 10 Therefore, we selected LiLa 2 O 2 BO 3 as a host material that has an anionic oxyborate ͑O 2 BO 3 −7 ͒ group. The oxyborate has chemical stability and allows the high probability of electric dipole f-f transitions of Eu 3+ in the host material and can contain a high Eu 3+ concentration without concentration quenching, compared to other host materials. 11 Hence, the oxyborate can be appropriate as an important ingredient of a host material for a red-emitting phosphor for n-UV LEDpumped white LEDs.
In this paper, we studied the luminescence behavior of the Eu 3 ͒ was added ϳ110% of the stoichiometric amount. The mixtures were heated in an alumina crucible at 176°C, which is the melting point of H 3 BO 3 , for 10 min before heating at 900°C. 12 They were held at 900°C for 3 h and cooled in an electric furnace down to room temperature. For the preparation of LiLa 2 O 2 BO 3 :Sm 3+ , we synthesized the powder by the aforementioned method, adding samarium oxide ͑Sm 2 O 3 , 99.99%, Aldrich͒ to the starting materials listed above. The final products were characterized by powder X-ray diffraction ͑XRD͒ and photoluminescence ͑PL͒.
Characterizations.-Crystalline phases of the samples were analyzed by XRD ͑Rigaku, D/max-IIIC, 3 kW͒ with Cu K␣ ͑ = 1.542 Å͒ radiation operating at 40 kV and 45 mA. PL characteristics were analyzed on the basis of emission and excitation spectra registered at room temperature using Xe lamp ͑500 W͒ with DARSA PRO 5100 PL System ͑PSI Trading Co. Ltd., Korea͒. Figure 1a shows an XRD pattern of LiLa 2 3+ , which was grown by the micro pulling-down method. 13 The analysis of XRD data of the single crystal will be published elsewhere later. to the 7 F J ͑J = 0-6͒ levels of the 4f 6 configuration ͑transition from J = 0 to J = 0 being forbidden because the total orbital momentum is not changed͒. The weak emission in the vicinity of 590-600 nm is due to the magnetic dipole transition of 5 phosphor under the excitation with light of 405 nm consists of two strong emission peaks ͑main peak: 614 nm, subpeak: 620 nm͒ in the red regions due to transition of
Results and Discussion
This phenomenon can be ascribed to high probability of the electric dipole f-f transitions in oxyborate, because the host material has a highly anisotropic environment around La 3+ which was substituted by Eu 3+ ion.
11
In Table I Fig.  5a . As described by Blasse and Grabmaier, 14 it is well established that the decay behavior can be expressed by
where I and I 0 are the luminescence intensities at times t and 0 ͑initial time͒, respectively, and is the luminescence lifetime. On the basis of Eq. 1 and the decay curves in Fig. 5a , the decay times of the 605 nm emission of Sm 3+ were determined to be 1.16 and 0.79 ms for LiLa 1.99−x O 2 BO 3 :0.01Sm 3+ ,xEu 3+ with x = 0 and 0.25, respectively. According to Dexter's formulation, 18 the energy transfer rate is given by
where D is the decay time of the donor emission, Q A is the total absorption cross section of the acceptor ion, R is the distance between the donor and the acceptor, and b, c are parameters dependent on the type of energy transfer. The probability functions f D ͑E͒ and F A ͑E͒ represent the observed shapes of the donor emission band and the acceptor absorption band, respectively. 
Conclusion
The LiLa 2 O 2 BO 3 :Sm 3+ ,Eu 3+ phosphor is a highly eminent redemitting phosphor for n-UV LED-pumped white LEDs application. In particular, due to high concentration of Eu 3+ at which concentration quenching occurs ͑12.5 mol %͒ and the anisotropic environment around La 3+ , which was substituted by the Eu 3+ ion in the host lattice, the phosphor showed a strong f-f transition of Eu 3+ ion under the n-UV region excitation. 
